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Magnetic cores with a rrclanguUr hysleresis loop tttr useii in a si u rage s>'slrm which rcquirfs tin mr- 
chanical mnti'in and is pfrniiinent The liinar>' tliKit 'T' i^ slum] nn a positive rMiiltial flux, and the i^inarv 
flinit "0" as a tfiittual flut in ihc t>|ijk)siie ihrettion Whrn a negative pruhinjt field is afplitil to rhe cnre, 
a large voltajte ii imiuceil in auoihcr winding if I he digit sturitl has Iteen a "1," and very small vuliaKeif ii 
ha« tieen a "0." The induccil vnltaee in the (urnief case is large eo'iuRh 1o magncliie atmlher cure nf identical 
cfmstructiiin. Binary diKits can thus Ik- i raiisf erred (turn one Cf>re intn annther Many cores arc arranged it) 
landetn tu [ortn an informatiun delay line. Binary dijtits can be advanrni aInnR the line sleji hy step The 
present upper limit of the s|>crrl ol prnpajt^lion is aJtnul 35,000 digits |Kr second, and there is no liiwer limit 



I. INTRODUCTION 

/|N"E of the mi)Si imjxirtani research prohletns in 
^^ the t'lclfi of laiT^e-scale rligitu] calculating ma- 
th iiies is that of infi>rmation stf)rage. Klecironic trigger 
pair tubes, cathode-ray tubes, acoustic delay lines, 
rotating drums, or tapes are used in present machines. 
Electronic trigger pair storage is, of course, the most 
versatile, but it is extremely ext>cnsive and its reliability 
poQT. Cath(Kie-ray lulx; and acijustic delay line storage 
systems neetl constant regeneration to preserve the 
information stored. .\ll three systetns tost" ihc itifurma- 
lion if there is interruption of [>ower. Magnetic tirum or 
tape storage preserves information indetiniitly, but it 
involves a mechanical system, and t!ie ofK^rating s|x'ttl 
is limited by mechanical considerations. Both in acous- 
tic delay lines and rotating magnetic drums, the ojMsra- 
lion is necessarily synchrrmous. The S[ieed flei>cnHs 
ujion the physical nature of the system and cannot l>e 
changed at will tluriiig operation. 

This pajHT descril>e>i a sltjrage sysiem whii h operates 
like electronic trigger jHiirs but d'R-s not use vacuum 
lulies other than a relatively small numl«.T for coiilro! 
purj wises. 

A binary digit which takes the value of "0" or "I" 
is stored in a fem)maKnelic cttre in the form of |M>silive 
or negative residual magnelism, 'dejic-nding on the 
direction of the last inagneiizing forte. As shown in 
Fig. I, a binary digit is represented by the i>oim "0" 
or "1" un the hysteresis curve of the rnre. lo store a 
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I'niiTrsily atid the Iniied Slalm .\ir K'irie, 

•• rresetilrd at the L'amliriil|te Mrelinjtnf the .\mericao Phys- 
ical StH-icIv (June. I'MI). 

Volume 21, January, 1950 



binary digit, only the applicati<»n of a magnetizing 
pulse of pro|)er polarity is necessary. 

The reading out of the stored itiformatittn presents a 
more dilTicult problem. For a small negative pulse of 
magnetizing ft tree //, apfilied ai pnitu "()," there re- 
sults less change in the tlux density fi than for a similar 
tiegative pulse applied at fwint "1." Thus the relative 
amplitude of (he induced voltage indicates what in- 
formation has iK-en stored in the maierial. However, 
this is true imly for the tirst -read -out pulse, since after 
"0" information has been read <iut, the material re- 
turns lo the pi>inl "II," whereas after "I" information 
has l)ecn read out, the maierial goes to a new point 
"1"' instead of returning to "1." I*'iirihcr negative 
pulses of // produce very nearl>' equal changes of fi 
for starling positions "d" and "T." Thus, whereas 
small read-out pulses do not attually destroy the fvisi- 
tive or negative residual magiu'tistn rcprcM-'nttng the 
storeti information, they make reading out by like 
pulses imixissihlc after the first. 

W hen a I a rge n ega t i ve rea d -on t p u tse of // is i m } iressed , 
the information is destroyed. The stale of the material 
returns lo jMisition "0" in the H Ii curve, no matter 
what inf<»rmation was previously storeil. However, the 
seconi'lary imtuced voltage is much larger when H 
changes from "1" to "U" than when H changes from 
"It" lo "{)." The ratio of ihe.sc voltages was fctund lo 
Ik" as high as M)\ for suitable magnetic materials. The 
large induicti voltage can lie made lo drive another 
core from slate "0" lo "1," Thus one can construct (I) 
11 sittragc unit in which iligits can t>e stored and read -out 
lontinuously, and (2) an information deby line in 
which a scries of biiuiry digits can f»e pni{>agated at 
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any di'sifililr s|ifft| iip lo about thirty lh()u<wm<l iii- 
fi»rm;itiittt'[mlsf?i ]x'r >t*(i)n<l 

n. A SINGLE-INFORMATION STORAGE UNIT 

HJnii- ihf !;irKe s(.^(iml;»r>' mduietj vultagt* is siiflk icnt 

tfi ilri\f iimithtr mn- uf similar m/c ti« its s;»tur;itii)ii, 
A mi'an> is .tv;iil;il)lf lo transfer \\w iiifdrnialiuii.' Such 
a snir.ig(> tiiiil is slinwn in ['ii;. i. Corr 1 anti {.'un- 2 lire 
winiiitl iif striiw iif ni.iUTial unh a nearly rt't lanKiilar 
hysirrosis ltti>|i in insitn- that the siaics of residual 
magtit'ti^ni, 1 and n. .ir«' well ()c-finert and slsibk. Assume 



( . 
J Jt 




Kit;. J. Flu I I hang- 
ing path. 



llial ihc 1 state uf residua! mapneiism corresjKinds to 
thix in the lores in the upward three lion, and the It 
stale t«» tlux in the downward direction. Then, when- 
ever a ] is store<! in Oire L liirough the informatirm 
injiut coil, the first current pulw /| will change its stale 
from I III It. This generates a large induced voltage in 
the hnking coil and drives Core 2 [o state "1." After 
ihat the second current pulw /j shifis this state "1" 
hacii to ("ore 1 again. Thus the state "1" is transferred 
l>etweeti Cure I and Core 2 when the current jiuises 
/i and /fare applied alternately. H*»wever, if \w\\\ cores 
are originally in the "l>" slate, the U pulse cannot 
change iiuich of the tlux of Core 1. The linking current 
is very small, and Core 2 remains in ihe "O" state. The 
alternate ajvplication of A, and /-, which will Ik" called 
advancing jiuLses from now on, therefurv will not pro- 
duce any thange of Ihe states of the cores. This con- 
stitutes a single infiirniat inn storage, in which a binary 
digit can he stored indetmitely and read out at any- 
given time iiv the appliiation of a jjair of advancing 
pulses. 

Physically this is {lossihle due in the existence of 
two limit cycles of ihe hysteresis Iimij* when th'e two 
alternate advancing pulses are applied As shown in Kig. 
S, the upjx'r l>n)p re|»resenis the cytlic change of mag- 
netization of cores when iligit "l" is stored. Tlie lower 
small loo]> rejtresents the cyclic cliange of maKnelivtalion 
of cores when iligit "0" is stored. In either case an 
advancing pulse changes ihe magnetization of one cnre 

'Chapter IV, l'ti.jtre*s Ri'|i.>rt Nii. I. KuvinitH't 1(1. 1'W. thf 
C'omptjtaliim IjlHirnlurv. Ilurvanl ItijviTsin , umter f.mtriiit 
\VIi> 122 nc-24 with dir f S. .Air Kurec. 



along the curve a to h to i while ihat of the other core, 
through the linking coils, changes from c loJ to a. I>e- 
jKiiding on the initial state nf magnetizalion of the first 
core, t!ie hysteresis loop follows either the upper or the 
lower curve. 

m. propa(;ation of information 

ALONG A DELAY LIKE 

The requirement for a magnetic delay line is I ha I it 
should Ix- able to store a series of information pulses 
and deliver them hack at a later time. \ numlier of 
magnetic cores are needed. These should lie so con- 
structed as tn work in the following manner; When the 
first information pulse has l>een stored in the first 
magnetic core, an advancing pulse is applied to this 
core to transfer the information lo the next core. This 
is necessar>- in order to make the first core ready lo 
receive and siorc the sect md -information pulse. Next, 
these two signals are advanced further in make nxim 
for the storage nf the third. This process of advancing 
and storing continues to the end of the tine, where the 
information signal is sent out. If, after the line is 
loadetl with information, no further advancing pulses 
are applied, the inftirmation wilt stay in I lie cores in- 
definitely. When ailvanting pulses are onte again ap- 
plied, the stored information is discharged. If the output 
of the lielay line is connected to its input, a closed 
ring results. Information can Iw kept circulating around 
the ring continuously by the advancing pulses, and 
can be reproduced at any time. The same is true for 
magnetic recordings on a rotating storage drum, e.xcept 
that in the latter case the mechanical rot,iiiori of the 
drum is used to carry the information along, whereas 
in the present scheme advancing pulsus arc used In 
propagate the information. 

Sinc-e all the magnetic cores in such a delay tine are 
connected in tandem through the linking mils, two 
jxissible effects must lie prevented Wore the desired 
information transfer i:an lje made. First, an advancing 
pulse should advance a digit only in the forward direc- 
tion l any backward tlnw of inf(»rmaii(»n is to \v avoided. 
Second, an advancing pulse should advance a digit to 
the ne.\i core only; any effect of the digit on cores l>e- 
yond this would interfere with previous digits. Of 
course it is imperative f(»r successful o|)enition that the 
signal sfiould rmi fade along the line. 

IV. A DELAY LINE OF THREE CORES 
PER BINARY DIGIT 

.•V circuit has been devclii)ted which is basi-d on the 
fundamental requirements of a delay line, disiiiiwed 
in Sec'iion 111, The connetticms are shown in Fig. 4. 
Three c-ores are neces.s;iry for the storage of each binary 
digit. Three such cores tngetlier will therefore !>e re- 
ferred to as one storage unit. Three succes-sive pulseo 
arc required to advance the information from one 
storage unit lo the ne.\t. These pulses, res] >ec lively, 
advance the signal from the first core to the second c ore. 
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'ad, Ud, >ii<). 

Fir. 4, Dflny^liw stnicturp ul tlini- corrs fn-r i)i|{il. 

frrjin llic Sfiiinil tfiri" li» the lltird turr, /iiu! tiicu frotn 
ihc t!)ird lore lo llu' first tore of llic nt-jtl sinr;ig<.' uiiil. 

The operation can liridly lie summarized as fuJIows; 
All aiivjiiuing f»uls«-s are connetlwl so as lo drive all 
tlif (ores til negative saluratiim, Wiieii tliert is tru in- 
(ormaiiun in llie line, all ihc cores have ucgaiivc re- 
sidual magneiiKm and arc thus in the "0" slate. When 
iiifornialSim is stored, every third inre maj' Iw jHjsi- 
lively or negatively magneiiKed and thus l>c in either 
Male "I" or "((." Consider the case uf a "U" l»eiiig 
siore<l in Core J. All advancing pulses are so con- 
nected so as to drive the ci)re!; lo negative S4ilviraliuii, 
Sime ilie residual majjnetisni mi {'i>re 1 is already nega- 
tive and the lure has essernially a square hysteresis 
ItK^i, only a verj' small thange of llux results when 
A<l vanning I'ulse ? 1 is applied. There is no efTeti tui 
other cores. The ne.ti eore remaias negatively mag- 
neii/.eij. One tan consider tiiat the digit ''(>" iiifornti- 
tion hits lieen iraiisferretl to Ctire I. On the other haml, 
if a "1 " is stored in Ci*re 1, it is jxisilively tnagneli/eil. 
The application of I'.^n il rives it to negative saiuralion. 
This large change of tluv in Core 1 induces a large 
electromotive force in coils A'l and .V» of that core, 
causing iai and I'jt to lh»w. The curreni tu drives Core 2 
from negative magnetization In positive saturation. 

The current I'l; siitisties the fullowing equation 

.V,(<M., ^0+ A iiii^, «//) = lK,+L(d/dt) In,, (1 ) 

where /?/ represents the total resistance of the link 
<-trciiit in the forward direction of in anil L the leakage 
iniluciance of the linking cnfl. Integrating Kq. (11, 
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N'ole that in is always a jxisilive quantity due lo the 
(jresence of the rectifier. ^iiU vanishes as the ftu.ves of 
Cores 1 and 1 reach a constant \-atue We gel 
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The bst term in Kq. 2 is always a positive quantit\ 
If Cores 1 and 2 have the same dimensions, the (I in 
iliange of 03 is not complete unless .V, is greater tha^n 
\t. The optimum ratio of \ , to A"- is found to U- » U>m- 



to 3:1* The resultant change <.f tlux of Core 2 has no 
e if tit on Core A tiecause the linking current in is 
blocked by the rec lifter in Ihe circuit. This s,iiisfics the 
requirement that infnrmation may not advance to 
t ores beyond Ihe next one. The t urrent tor is nol de- 
sirable Ijccause it has llie tendency to transfer informa- 
tion backward from Core 1 to Core 0. This current 
must lie balanced by the ust' of a compensating winding, 
so that the net magnetizing force is always negative 
in Coce to m.iintain its negative siiluration when in- 
formation is lieing transferre<l from Core 1 lo Core 2. 
Since this process of transfer alTe< ts <inly the three 
cures U. I, and 2, anutlier digit in Core 4 can be trans- 
ferred at t!ie Siime lime without interference in any 
other core.s except .i, 4, and ,S. 

A static magnetic storage system is then obtained 
in which three cores arc neeitwl to store each binary 
<ligit. liiformaiion can lie stored in ihe i ores indclinilely 
and can be stepin-d along the line in ihe forward dirct- 
lion by the application of advancing [mlses. Three 
advancing pulses are necessiiry lo advance the informa- 
lion by a single storage unit. 

Figure 5 sho^vs a breadixiard connection of such a 
delay line for the storage of four binary dijfils, The 
informal ion ran lie advanced through each storage 




FlO. 5. Fimr liinan' •tiipta fl^tay tine— thrrc cores \»i dij(it. 




KiG. 6. Flui TS. time curve— three cores )ier <Iigi(, a Infurina- 
liiin nilc"i kc. Informatifin (JItt. ti Informaliiin rite = .iO kc 
[nformation 1 1 10. 
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Fig. 7. Delay line structure of two cores per digit. 

unit of three cores as fast as thirty thousand digits per 
second. Oscillographs showing flux variation of a core 
rale of 30(X) and 30,000 digits per second are given in 

Fig. 6. 

SmaSl selenium rectifiei^ are used in the linking cir- 
cuit. The rectifiers can be replaced by saturable re- 
actors which offer a high reactance lor current in one 
direction and a low reactance for current in the other 
direction. But since a reactor is not a highly dissipative 
element, its use prevents the linking current from dying 
down fast. This greatly reduces the maximum possible 
rate of advancing. 

An analytical investigation of the sotrage unit in 
which rectifiers are used in the link circuits is given in 
reference 2. 

V. A DELAY LINE OF TWO CORES 
PER BINARY DIGIT 

As shown in the last section (Fig. 4), the compensat- 
ing winding is necessary to counteract the effect of the 



current toi flowing in thj coil .Vi of Core 0. If this cur- 
rent can be eliminated, clearly no compensating winding 
is necessary. It can be done by the intrt)duction of 
another rectifier,' as shown in Fig. 7. In the drawing 
the leakage inductance and circuit resistance have lieen 
omitted in the linking circuit (or simplicity, The shunt- 
ing of a rectifier across the coils .V, U in such a 
direction that the current I'u ts unaffected and pro- 
duces the useful effect of transferring information 
from Core 1 to Cflre 2. But the current i"oi is greatly 
reduced by the rectifier which' short-circuits the electro- 
motive force generated across .Vj of Core 1. The in- 
formation then does not flow^ backward. Since only 
two cores are now involved in tran.sferring the informa- 
tion, the next two cores can he useci for another digit. 
It is then [xissihle to use only two cores per binary digit. 

Figure 8 shows an assembly of a delay line of this 
design to hold ten digits. Only two advancing pulses 
are needed to advance the information along the line. 
A few patterns of the tlux variation in cores of this type 
of delay line are shown in Fig. 9, the repetition rate 
being 2,5 kc and 25 kc. 

The only disadvantage of this connection is that the 
current flowing in coil A't of Core I i.s larger than before. 
This necessitates a more pfjwerful advancing pulse to 
change the flux of Core 1. 

.\nother possible arrangement is to apply a series 
voltage in the link &-1 when w, is api)lied to Core 1 
{Fig. 10). This series voltage is opposite to, and slightly 
greater than, the voltage generated in coil .Vj of Core 1, 
The transfer of information from Core 1 to Core 2 is 
made still easier. This scheme has aUo proved to be 
successful. 




Fio. 8. Ten liinarj- ciigits 
(if lay linr— two core* |ier 
digit. 



' Chapter V, Progress Report No. 4, Mfty 10, 1949; the Computation Laboratory, Harvard University, under Contract W19- 

122.ac-24 with the U. S. Ait Force. 
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Fic. 9. Flui w, time curve^iwo fores per dipt, a, rnform»tion 
rale- 2.5 kc. Information 10101 IlOlO.h. Infomuiion rate-2S kc. 
tnfnrnuliun 0011 101010. 

VI. PROPEHTIES OF MAGtfETIC COBB MATERUL 

As shown in Fig, 1 1, the ideal hysteresis characteristics 
of the magnetic storage and delay line are a perfectly 
rectangular hysteresis loop and a very low coercive 
force. 

In actual practice, unfortunately, such characteris- 
tics cannot be realized. Figure 12 shows a tvpicat 
hj-steresis curve for one of the cores manufactured by 
the .^Ucgheny-Ludlum Sleel Corporation of wound 
strii)s of Deltamajt. The hysteresis loop is close to the 
ideal; nevertheless, the saturated region is not abso- 
lutely of zero slope, and the sharply rising portion is 
not quite vertical. In addition, the comers are some- 
what rounded. But delay lines using such cores have 
been constructed and operate reliably. The criteria of 
how go(xi the hysteresis loop is must have been dis- 
cussed in reference 2. 

As the frequency of operation becomes higher, the 
hysteresis and eddy current losses become appreciable. 
The heat generated is considerable at the highest fre- 
quency of otieration. Moreover, the eddy current acts 
like a short-circuited secondarj' around the core. The 
presence of the eddy current requires a larger advancing 
current to drive the core from one polarity to the other. 
At an operating frequency of 50 kc, every core alter- 
nates its flux between two saturation values in 10 
microseconds, .\ssume that the flux changes linearly. 
Thw is a fairly accurate assumption, as seen from an 
oscillograph of flux variation. The_ cores used are made 
of a strip of one-mil thickness, ^ inch wide, wound into 
a single-turn core of §-inch diameter. The hysteresis 
loss is estimated to be of the order of 7 milliwatt core, 
the eddy current loss 25 roiUi watt/core, the electrical 
resistivity of the core being taken as 50 microhm centi- 
meters. For such a core the equivalent demagnetizing 
amperelums can be calculated to be alxsut 1.2. It is 
also equivalent to an increase of cfjertive force of ()..U 
oersted, .Apart from the upper frequency limits imptjsed 
by these losses, the fundamental operation of the storage 
and delay line is independent of the frequency. 
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Vn. APMJCATIOTIS 

It may be helpful to point out the unique features 
of this form of storage. No power is needed to maintain 
the storage of information. No mechanical movement is 
needed in recording and pick-up. The speed of re- 
cording, transfer, and read out has no lower limit and 
can be varied to an upper limit which is sufficiently 
high to be very useful. At the present stage, this maxi- 
mum rate is of the order of 50 kc. These features repre- 
sent improvements' over the characteristics of the 
storage devices mentioned in the introduction. 

Possible apjilications include the following: 

1. Information storage. Individual binary digits can 
be stored in pairs of cores, as discussed in Section II. 
If a series of digits is to be stored, the information can 
be sent into a delay line, .\fter the whole scries of digits 
is in the line, stopping the tlow of advancing pulses 
suffices to store ilie information indelinilely in the iine. 
It can be read out at any time at the end of the line by 
applying the advancing pulses again. Development 
work is being done at the Computation Laljoratorj' of 
Harvard University to construct a hne holding 40 
binary digits in a plug- in component container unit 
which will be no more than two inches in diameter and 
six inches in length. 

2. Input and output link for high speed computtrs. 
This form of delay line provides an excellent medium 
for transfer of information lietween s_vstems of different 
digital rate. Data and commands can be put into the 
line manually and then read out to the machine at its 
operating speed. Again, results from the machine can 
be fed at high siK-cd into the delay line, from which 
later a set of slow advancing pulses can step the results 
out at a speed suitable, say, to operate a typewriter 
direcllv. 




Fig. 10. Another form of delay line of two corrs j>er digit. 



FiC. 11. Ideal hj-sterrsis 
too}). 
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Fic. 12. Typical h>-siert«s 1«^ of maieriaSs used. 

,t Counln. Since the information stored in the delay 
line must be stepped along by advancing pulses, it ls 



possible to register a single digit at the l«;gmnmg of the 
line, and by the location of this digit along the line at 
a later instant to determine the number of advancing 
pulses that have l.ecn applied. So far the speed i.f count- 
i„g ,s limited to about 50 kc. This, however, is sufli- 
I ientlv rapid to find wide applications. 

4 TeUgrapkv. because the speeii of prof»agalion ts 
variable, a magnetic delay line may serve as the ter- 
minal storage for a high sjieed telegraphy system, f-he 
information on a high speed telegraphic hnc can be 
dislributeti to several delay lines. WTiile some Imes are 
being Med, anv one of them can be discharged muvli 
more slowlv to' a separate line or directly to a tyi«- 
wriier. Similarly, several slow speed informal wn sourtos 
can be read into the magnetic delay lines and then be 
fed into a high speed telegraphic line by cleclronic 
switching control of the advancing pulses. 
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